Abstract: Raman microspectroscopy of organic matter, vitrinite reflectance and fluid inclusion data were used to reconstruct the thermal history in the lower Carboniferous accretionary prism of the Culm Basin in the Nízký Jeseník Mts. (NE Bohemian Massif). The model involves the Variscan (mid-late Carboniferous) burial diagenesis, which was overprinted by a post-Variscan, probably Permian and/or early Mesozoic, thermal pulse(s) in its central and western parts. The latter may have been related to advective heat transport and the circulation of hot fluids. In the siliciclastic rocks of the Culm Basin, the maximum palaeotemperatures varied from~200 ± 30°C in the E (in the Hradec-Kyjovice Formation) to~350 ± 30°C in the NW (in the Andìlská Hora Formation).
INTRODUCTION
The irreversible processes of coalification and graphitisation of organic (carbonaceous) matter (OM) make it possible to determine the degree of diagenesis and metamorphism in both sedimentary and very low-to low-grade metamorphic rocks (Teichmüller, 1987; Taylor et al., 1998; Hartkopf-Fröder et al., 2015) . Dispersed OM, as a common component of sedimentary rock, is transformed progressively by rising temperature and pressure. The transformation of OM involves structural and compositional changes (e.g., Diessel and Offler, 1975; Diessel et al., 1978; Teichmül-ler, 1987; Taylor et al., 1998) . Diverse temperature-sensitive parameters (e.g., vitrinite reflectance, Rock-Eval Tmax, clay minerals transformation, fluid inclusions, Conodont Alteration Index, etc.) have been applied over the last decades, providing insight into the thermal history of sedimentary rocks (e.g., Teichmüller, 1987; Yalcin et al., 1997 and references therein; Taylor et al., 1998; Hartkopf-Fröder et al., 2015) . One of the most widely used parameters is mean random vitrinite reflectance (VR r ), from which the maximum temperature can be estimated by assuming the controlling kinetic factors and knowing the subsidence history of the rock analysed (e.g., Sweeney and Burnham, 1990; Barker and Pawlewicz, 1994) . Another method, which has gained interest in the last decade, is Raman microspectroscopy of carbonaceous (organic) material. This is particularly useful in the low-grade metamorphic range, where many other techniques (including VR r ) are not very precise (Beyssac et al., 2002a; Rantitsch et al., 2004; Rahl et al., 2005; Lahfid et al., 2010; Aoya et al., 2010; Kouketsu et al., 2014) . A Raman spectrum of OM occurring in metasediments changes systematically with an increasing degree of metamorphism (e.g., Jehlièka and Rouzaud, 1990; Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993; Jehlièka et al., 2003; Kwieciñska et al., 2010; Morga, 2011 Morga, , 2014 Kouketsu et al., 2014) . These changes are mainly controlled by temperature (Beyssac et al., 2002a) . By applying this method, temperatures in the range 330-650°C (Beyssac et al., 2002a) can be determined with a calibration-attached accuracy of ± 30°C (Aoya et al., 2010) . Several authors also demonstrated that the evolution of the Raman spectra of OM in very low-grade metamorphism is strongly correlated with the peak temperature of metamorphism in the range~150-400°C (Rahl et al., 2005; Lahfid et al., 2010; Kouketsu et al., 2014) . Therefore, Raman spectroscopy of OM also seems to be a valuable method for the estimation of thermal maturity and maximum temperature. However, Dvoøák, 1994; Kalvoda et al., 2008; Špacek et al., 2015) . EB -Elbe Fault, FSMFore-Sudetic Monocline, HKF -Hamburg-Kraków Fault, TTZ -Teisseyre-Tornquist Zone. there are some analytic pitfalls that must be considered, for example, the thermal alteration of OM during measurement, structural defects due to the polishing of graphite, orientation effects, spectral curve-fitting strategies, wavelength-dependent Raman band dispersion, etc. (Wopenka and Pasteris, 1993; Beyssac et al., 2003a, b; Guedes et al., 2010; Hinrichs et al., 2014; Ulyanova et al., 2014; Lünsdorf et al., 2014; Wilkins et al., 2014 Wilkins et al., , 2015 Lünsdorf, 2016) .
In this paper, Raman spectroscopy of OM, vitrinite reflectance and fluid inclusion studies are applied to investigate the thermal evolution of the lower Carboniferous Culm facies rocks of the Moravo-Silesian Fold and Thrust Belt (MSFTB; Mazur et al., 2006) . This unit is regarded as a part of the Variscan Rhenohercynian belt (e.g., Franke, 1995; Kalvoda et al., 2008) , which probably continues across the basement of the Fore-Sudetic Monocline (FSM) in SW Poland (e.g., Franke and¯elaŸniewicz, 2000) towards western Europe (Fig. 1) . The MSFTB underwent a complex tectonic history, involving crustal shortening, exhumation and probably orogen-parallel extension (Èí ek and Tomek, 1991; Schulmann et al., 1991; Dallmeyer et al., 1992; Fritz and Neubauer, 1995; Kumpera and Martinec, 1995; . However, the detailed relationships between tectonics and thermal evolution are poorly understood. Therefore, the aim of the present authors is to better constrain the tectono-thermal evolution of the lower Carboniferous Culm rocks of the MSFTB by examining its OM.
GEOLOGICAL SETTING
The lower Carboniferous Culm facies of the Nízký Jeseník Mts. in the MSFTB are situated on the NE margin of the Bohemian Massif (Fig. 1) . The MSFTB was formed in the eastern part of the Central European Variscides (Unrug, 1966; Dvoøák and Paproth, 1969; Unrug and Dembowski, 1971; Schulmann et al., 1991; Franke, 1995; Fritz and Neubauer, 1995; Neubauer and Handler, 1999; Franke and¯e-laŸniewicz, 2000; Schulmann and Gayer, 2000; Schulmann et al., 2009) . The MSFTB corresponds to the eastern part of the Moravo-Silesian Zone (Dallmeyer et al., 1995; Franke and¯elaŸniewicz, 2000; Hartley and Ottava, 2001; Mazur et al., 2006) . It is composed of unmetamorphosed to slightly metamorphosed Cambrian to upper Carboniferous sediments and volcanics . Towards the E, the highly deformed MSFTB grades into the less deformed, Moravo-Silesian Culm Basin, which is elongated SW-NE to SSW-NNE, parallel to the overall structural trend in the eastern part of the Bohemian Massif ( Fig. 1 ; Schulmann et al., 1991; Fritz and Neubauer, 1995) . The structure of the MSFTB is interpreted as a thin-skinned accretionary wedge, composed of superficial flysch nappes, thrust over the parautochthonous Moravo-Silesian Culm Basin, the Neoproterozoic crystalline basement of the Brunovistulian terrane and its pre-orogenic Devonian sedimentary cover (Dudek, 1980; Kalvoda et al., 2008) . The thrusting took place during the late phases of Variscan plate convergence (330-310 Ma; late Carboniferous) under a compressive to right-lateral transpressive tectonic regime (Schulmann and Gayer, 2000) . In the Moravo-Silesian Zone, the intensity of deformation, the metamorphism and the sediment composition change in a W-E to NW-SE direction, perpendicular to the Variscan structural grain (Rajlich, 1990; Chadima et al., 2006; Bábek et al., 2005 Bábek et al., , 2006 Bábek et al., , 2008 . Prominent regional fault systems with NE-SW and NW-SE directions were developed as a result of Variscan tectonics (Rajlich, 1990; Schulmann et al., 1991; Chadima et al., 2006; Kalvoda et al., 2008) .
The Culm sediments represent a lower Carboniferous foreland basin that was developed in front of the crystalline nappes of the Moravo-Silesian Zone and partly incorporated into an accretionary wedge as the MSFTB. Deep-water synorogenic siliciclastics of the Culm Basin include conglomerates, greywackes, sandstones, siltstones and mudstones. They were deposited from turbidity currents and sandy and cohesive debris flows. They are exposed in the Drahany and the Nízký Jeseník Culm Sub-basins, separated by the Elbe Fault ( Fig. 1) (Kumpera, 1983; Kumpera and Martinec, 1995; Hartley and Otava, 2001; . Two major tectonic units are distinguished: (1) an allochthonous unit including the Andìlská Hora, Horní Benešov, Protivanov and partly Rozstáni formations, and (2) a parautochthonous unit comprising the Moravice, Hradec-Kyjovice, Myslejovice and partly Rozstáni formations (Zapletal et al., 1989; Cháb et al., 1990; Èí ek and Tomek, 1991; Grygar and Vavro, 1995; Kumpera and Martinec, 1995; Bábek et al., 2006) . The Drahany Sub-basin represented a proximal part and the Nízký Jeseník Sub-basin a distal section of the formerly united Moravo-Silesian Culm Basin (Kumpera and Martinec, 1995; Hartley and Otava, 2001) .
The lower Carboniferous Culm sequence is 4.7 to 7.5 km thick (Kumpera, 1983; Kumpera and Martinec, 1995; Hartley and Otava, 2001; Mazur et al., 2006) . To the E, the LOWER CARBONIFEROUS CULM BASIN IN THE NÍZKÝ JESENÍK MTS. Culm siliciclastics are overlain by Namurian to Westphalian paralic and continental coal-bearing sediments of the Upper Silesian Coal Basin, representing the final depositional phase in the evolution of the Moravo-Silesian Basin (Kotas et al., 1983; Kalvoda et al., 2008) . The age of the synorogenic siliciclastics in the Culm Basin (Fig. 2) is early Viséan to the earliest Namurian (Dvoøák, 1973; Kumpera, 1983; Zapletal et al., 1989; Dvoøák, 1994; Kalvoda et al., 2008; Jirásek et al., 2014) . Lower Carboniferous sediments of the Nízký Jeseník Sub-basin are subdivided into four formations: the Andìlská Hora Fm, the Horni Benešov Fm, the Moravice Fm. and the Hradec-Kyjovice Fm (Fig. 2) (Dvoøák, 1973 (Dvoøák, , 1994 Kumpera, 1983; Zapletal et al., 1989) . The age of these formations is~346.7 to~325 Ma (Fig. 2) . The recently established age of zircons from the tuffite horizon in Krásné Louèky (340.05 ± 0.22 Ma by TIMS U-Pb) corresponds to the Viséan stage and dates the boundary between the Horní Benešov and Moravice formations (Jirásek et al., 2014) .
THERMAL EVOLUTION OF THE MORAVO-SILESIAN FOLD AND THRUST BELT
In the MSFTB, the intensity of deformation and metamorphic alteration generally increases towards the W and NW (Dvoøák and Wolf, 1979; Dvoøák, 1989; Rajlich, 1990; Francù et al., 1999 Francù et al., , 2002 Bábek et al., 2005 Bábek et al., , 2006 Bábek et al., , 2008 . In the Upper Silesian Coal Basin, which is a foreland of the MSFTB in the Czech Republic and southern Poland, bituminous coals are present (Kotas, 1971; Kotas et al., 1983; Be³ka, 1993; Jurczak-Drabek, 1996; Geršlová et al., 2016) . The VR r of the top Carboniferous sediments usually varies from 0.5% in its most eastern part of the Upper Silesian Coal Basin to 1.9% in its western part (Kotas et al., 1983; Jurczak-Drabek, 1996; Kêdzior, 2009 Kêdzior, , 2015 . In the Czech part of the Upper Silesian Coal Basin, the values of VR r are in the range of 0.5-2.3% (Martinec et al., 2005; Sivek et al., 2008; Kandarachevová et al., 2009; Geršlová et al., 2016) . The VR r in the Permian-Miocene overburden is in the range of 0.2-0.5% (e.g., Marynowski et al., 2007; Marynowski and Wyszomirski, 2008; Botor, 2010; OErodoñ et al., 2014) .
In the Moravo-Silesian Culm Basin, most of detailed data come from the Drahany Upland, whilst far fewer data come from the Nízký Jeseník Mts. In the S to SE part of the Drahany Upland, the VR r ranges from 1.1-2.2%, whereas CAI (Conodont Alteration Index) varies around 3. Towards the W and NW, thermal maturity increases up to 5.2% VR r and CAI reach 4-5 (Dvoøák and Wolf, 1979; Dvoøák, 1989; Francù et al., 1999 Francù et al., , 2002 Bábek and Francù, 2004; Bábek et al., 2006 Bábek et al., , 2008 . In the Nízký Jeseník Sub-basin, the thermal maturity of OM is high and shows some peculiarities that, so far, have not been fully explained. Dvoøák and Wolf (1979) recorded vitrinite R max values in the range of 5.1-9.4%. However, this early study was based partially on measurements on greywackes and many samples that contained reworked organic particles (Dvoøák and Wolf, 1979) . The most important finding of this work is the SE-NW coalification trend in the Culm Basin. Dvoøák (1989) has shown that in the Carboniferous strata in the east (below the Carpathians and the Carpathian Foredeep), the R max values are in the range of 0.5-2.8% and toward the W, they reach 4-6%. Only in four shallow boreholes did the R max reach 8-9%. However, most values in the Andìlská Hora Formation are in the range of 4-5 R max %. Illite crystallinity data have shown that most areas of the Culm Basin are in the anchizone (Dvoøák, 1989) .
In the Drahany Upland, the distribution of vitrinite reflectance and illite crystallinity was interpreted as indicating deep burial with a lower heat flow in the western hinterland and a relatively shallower burial with equal or slightly higher heat flow in the eastern foreland of the basin (Francù et al., 1999 (Francù et al., , 2002 . However, in some wells in the Nízký Jeseník Sub-basin (e.g., Potštát-1), the maturity data do not show any significant depth-related trend. In the Potštát-1 well, a saw-tooth down-hole pattern of R min and R max values indicates that Variscan thrust tectonics did not affect the area before it attained its final thermal maturity (Bábek et al., 2005) . This indicates the possible influence of hydrothermal or pressure effects (Bábek et al., 2005) . The Mesozoic-Neogene burial did not alter the maturity pattern (Bá-bek et al., 2005) , which is also underlined by low vitrinite reflectance values, both from Culm and molasse Carboniferous strata under the cover of the Carpathians and the Carpathian Foredeep (Dvoøák, 1989; Francù et al., 1999) . Generally, these data indicate that the rocks of the Culm basin attained their maximum thermal maturity during the final stages of the thrust-related Variscan deformation, in the late Carboniferous to early Permian Period.
Numerous, well-known hydrothermal veins, occurring in the Nízký Jeseník Mts., are a record of fluid influence on the Culm rocks. These polymetallic veins are concentrated in historical mining districts, where mainly silver and lead and also gold were mined (Fojt and Vecera, 2000; Kuèera and Slobodnik, 2002; Zimák et al., 2002; Kuèera et al., 2010; Dolníèek et al., 2014; Janiková et al., 2015) . Common ore minerals are galena, sphalerite, chalcopyrite, pyrite and marcasite, whilst quartz, Mg, Fe-carbonates, calcite and barite represent gangue minerals. The veins have mostly massive, brecciated, deformational and drusy structures and their thickness ranges between a few millimetres and half a metre (Zimák et al., 2002; Kuèera and Slobodnik, 2002; Dolníaeek et al., 2014) . The age of vein formation is uncertain. Kuèera and Slobodník (2002) argued that these veins fill extensional structures oriented perpendicularly to the bedding planes and their origin is post-Variscan and possibly related to Alpine brittle strain. The regional distribution of hydrothermal mineralisation points to a more extensive migration of fluids along fractures, formed owing to a regional stress field, perhaps developed by the movement of large crustal blocks during one of the phases of Alpine (Kuèera and Slobodník (2002) or late to post-Variscan (Køíbek et al., 2009) 
In summary, there is a general trend of strain and thermal overprint from late diagenesis in the distal foreland in the SE to very low-grade metamorphism in the westernmost part. The Palaeozoic sediments underwent metamorphism during the late Variscan peak metamorphism, which was probably reached just after the folding (Dvoøák et al., 1997) .
MATERIALS AND METHODS
A total of 22 fine-grained rock samples was collected from lower Carboniferous outcrops in the Nízký Jeseník Mts. (Tab. 1). Samples were taken from a depth of 0.3-0.5 m to avoid the influence of weathering. Four samples of quartz and calcite were also collected from small veins cutting the greywackes.
Vitrinite reflectance
The rock samples were cut perpendicular to the bedding and from these rock pieces polished slides were prepared for vitrinite reflectance measurements (R max , R min and VR r ). Vitrinite reflectance was measured to determine the thermal maturity of the samples. Vitrinite reflectance measurements were performed using a Zeiss Axio Imager 2mM microscope for incident light, a 50×/0.85 Epiplan-Neofluar oil immersion objective and a 546 nm filter, Zeiss immersion oil n e = 1.518, at a temperature of 23°C. Mineral standards of known reflectance were used for calibration: sapphire (0.590%), yttrium-aluminium garnet (0.901%), gadolinium-gallium garnet (1.718%), cubic zirconium (3.130%) and strontium-titanate (5.39%). The applied microscopical investigations closely followed the guidelines published by Taylor et al. (1998) , Pusz et al. (2014) and Hackley et al. (2015) . VR r was used as an input parameter for the estimation of maximum palaeotemperature after Barker and Pawlewicz (1994) . In the present study, the formula Temperature1 = (lnRr + 1.68)/0.0124 for the burial heating model and Temperature2 = (lnRr + 1.19)/0.00782 for the hydrothermal heating model after Barker and Pawlewicz (1994) was used. The formulas are calibrated up to 7% VR r (Barker and Pawlewicz, 1994) .
Raman spectroscopy

Type of samples
Raman measurements were performed on slides of polished rock but, for comparison, one thin-section also was used. According to Aoya et al. (2010) , both types of samples can be used, which also was suggested earlier by Beyssac et al. (2003a) and Rahl et al. (2005) in the case of highly disordered low-grade OM. However, in higher-ordered OM (particularly in graphite) several authors showed that the polishing of a sample could cause a change in the Raman record (Katagiri et al., 1988; Wopenka and Pasteris, 1993) . Beyssac et al. (2003a) showed that in poorly organ- (Barker and Pawlewicz, 1994) ; Th (°C) -maximum temperature calculated from Rr data for hydrothermal model (Barker and Pawlewicz, 1994) ised OM (R2 higher than 0.5), there is no significant difference, whereas in well-organised OM (R2 lower than 0.5) the spectra measured at the surface exhibit a higher contribution of the defect bands (D1 and D2). According to Aoya et al. (2010) , even in the R2 range 0.1-0.3 Raman results from both thin sections and polished slabs (chips) are comparable. Also according to Lünsdorf (2016) , in the VR r measuring range of 1 to 7%, the Raman spectra are unaffected by polishing, if no final polishing below 1 μm is used. Therefore, no polishing less than 1μm was used in this study. In a final step, only 1 μm monocrystalline diamond slurry was used. Further discussion of sample preparation is given in Lünsdorf (2016) . All the samples in the present study have R2 values higher than 0.5 and their spectra show that they consist of poorly organised OM. Therefore, rock slides were used.
Measurements
Raman spectra were obtained using a Thermo Scientific TM DXR TM with a 532 nm Nd-YAG laser passed through a confocal microscope (Olympus, BX51: Olympus, Tokyo, Japan) with the 100×, 50× and 10× objectives. The laser power on the sample surface was set at 1-2 mW. The scattered light was collected by backscattered geometry with a 25 μm pinhole and a holographic notch filter and finally dispersed using a 900 lines/mm grating and analysed by a cooled CCD detector of 256 × 1024 pixels. Spatial resolution was about 1 μm and wave number resolution about 1 cm -1 . The acquisition time was 30 s (assumed as a minimum time to obtain reliable results: Kouketsu et al., 2014) . The Raman system was calibrated against the 520.4 cm -1 line of a Si-wafer. In each sample, 6-27 different organic particles (usually 25 as suggested by Aoya et al., 2010) were measured.
Raman spectra
The Raman spectrum of OM is composed of first-order (1000-1800 cm -1 ) and second-order (2500-3100 cm -1 ) regions (e.g., Nemanich and Solin, 1979; Pasteris and Wopenka, 1991; Beyssac et al., 2002a) . Here we focus on the first-order range as the most important (Beyssac et al., 2002a (Beyssac et al., , 2003a (Beyssac et al., , 2003b . There are at least five Raman bands in the first-order spectrum of OM (~1000-2000 cm -1 ) visible, particularly in the low-grade metamorphic range (Lüns-dorf et al., 2014) . These bands are denominated as D1 (~1350 cm -1 ), D2 (~1620 cm -1 ), D3 (~1500 cm -1 ), D4 (~1250 cm -1 ) and G (~1580 cm -1 ). The G band is assigned to the Raman active E2g optical phonon in graphite (Tuinstra and Koenig, 1970; Reich and Thomsen, 2004) . The D1 and D2 bands are defect-induced (Pócsik et al., 1998; Matthews et al., 1999; Pimenta et al., 2007) and depend on the excitation energy due to double-resonant Raman scattering (Reich and Thomsen, 2004) . The D3 band supposedly originates from amorphous carbons and the D4 band is attributed to sp2-sp3 bonds or C-C and C=C stretching vibrations of polyene-like structures (Sadezky et al., 2005 and references therein). The band assignments are discussed by Tuinstra and Koenig (1970) , Beny-Bassez and Rouzaud (1985) , Reich and Thomsen (2004) , Beyssac et al. (2003a, b) , Sadezky et al. (2005) , Ulyanova et al. (2014) and also summarised by Potgieter-Vermaak et al. (2011) and Kouketsu et al. (2014) . The methodology for peak decomposition of the Raman spectra of OM is not fully established (see Lün-sdorf et al., 2014) . Despite many studies on the topic (e.g., Tuinstra and Koenig, 1970; Ferrari and Robertson, 2000; Beyssac et al., 2003a, b) , there is not yet a clear consensus on the best way to treat OM Raman bands, especially for low-grade OM. This difficulty reflects the complexity of OM structure in the low metamorphic or diagenetic range. There are several fitting procedures available for such a disordered OM, for example, a four-band fitting using a Voigt profile (Beyssac et al., 2002a, a; Rahl et al., 2005) , or a five-band combination of Lorentzian and Gaussian profiles (Sadezky et al., 2005) .
The present study focuses on the first-order region, which is associated with up to five discriminative bands of OM. The Raman spectra were decomposed, using Omnic ver. 4.12 software (Thermo Fisher Scientific, Inc.) with a pseudo-Voigt function (Gaussian-Lorentzian Sum) and corrected for the fluorescence background by subtracting a linear baseline in the spectral range 1000-1800 cm 1 . The workflow of Kouketsu et al. (2014) and the methodological aspects of decomposition of the Raman spectra of OM highlighted by Aoya et al. (2010) and Lünsdorf et al. (2014) were taken into account. Generally, the line shape of the Raman spectrum varies with increasing order of the OM, which increases with the degree of metamorphism (e.g., Wopenka and Pasteris, 1993; Beyssac et al., 2002b; Morga, 2011 Morga, , 2014 . The number of Raman bands decreases from low to high metamorphic conditions (Wopenka and Pasteris, 1993; Beyssac et al., 2002b) . Poorly ordered OM contains two additional bands D3 (~1510 cm -1 ) and D4 (~1245 cm -1 ) (e.g., Rahl et al., 2005; Kouketsu et al., 2014) . The G and D2 bands are not separated and they form one band (G L ) around 1600 cm -1 and the D1 band is very wide (e.g., Rahl et al., 2005; Lahfid et al., 2010; Kouketsu et al., 2014; Lünsdorf et al., 2014) . The intensity of the G L band is higher than that of the D1 band. With an increase of OM order, the G and D2 bands become distinguishable. The D3 and D4 bands disappear gradually with an increase in temperature, while the D1 band becomes narrower. In the temperature range~300-400°C (Kouketsu et al., 2014) , the intensity of the D1 band becomes higher than that of the G and D2 (G L ) bands. Above this range, the intensity of the D1 band again becomes lower and narrower (see also Kouketsu et al., 2014) . Further heating results in the disappearance of the D1 and D2 bands. In pure graphite, only the G band occurs (Tuinstra and Koenig, 1970; Beyssac et al., 2002a; Kouketsu et al., 2004) . Although the width of the G band seems to be a significant structural parameter for tracing both coalification and graphitisation of OM, Rantitsch et al. (2016) and also Rodrigues et al. (2013) showed a limited sensitivity of Raman parameters, when they are correlated with VR r .
Temperature estimation
Various Raman ratios that correlate with the maximum metamorphic temperature can be calculated (Beyssac et al., 2002a; Rantitsch et al., 2004; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al., 2010; Kouketsu et al., 2014; Lünsdorf and Lünsdorf, 2016) . The most common are the R1 (intensity ratio, D1 G) and R2 (area ratio, D1 [G + D1 + D2]) (Beyssac et al., 2002a) and the RA1 = (D1 + D4) (D1 + D2 + D3 + D4 + G) area ratio and RA2 = (D1 + D4) (D2 + D3 + G) area ratio (Lahfid et al., 2010) .
A linear correlation between the R2 ratio and temperature is observed in the range of 330-650°C. At temperatures lower than 330°C, the R2 parameter is nearly constant around 0.7 (Beyssac et al., 2002a) . In poorly organised OM, R2 characterisation is not appropriate, because the extension of the coherent domains constituted by the aromatic rings is too small. At temperatures higher than 650°C, OM shows a triperiodic structure and the R2 ratio remains at a constant value (< 0.05), thereby setting the upper limit to its use (Beyssac et al., 2002a) . In contrast, the R2 ratio versus pressure shows no clear trend (Beyssac et al., 2002a) . However, Barzoi (2015) recently showed that pressure could also cause slight changes of Raman spectra. Rahl et al. (2005) used both the R1 and R2, which seems to be less precise for temperatures below 330°C in the low-grade metamorphism zone. Lahfid et al. (2010) proposed a Raman OM geothermometer, applicable in a range of~200-320°C; however, it is disputable whether the proposed peak-fitting method is applicable to temperatures below 200°C and higher than 320°C. Lahfid et al. (2010) constructed a method for one metamorphic region only (the Glarus Unit in the Alps) and, as stated by the authors, it is unclear how far this method can be accurately applied to other areas. Recently, Kouketsu et al. (2014) proposed a fitting procedure applicable over a wide range of temperatures, in which estimates are associated with relatively small errors in a temperature calibration range (150-400°C) that is suitable for the study area.
Fluid inclusions
Fluid inclusions were analysed in quartz and calcite samples taken from veins. The microthermometric measurements were carried out on groups of inclusions that show a constant vapour-to-liquid ratio (Roedder, 1984; Goldstein and Reynolds, 1994) . Careful attention was paid to changes of the inclusion shape to avoid the measurement of re-equilibrated inclusions. Double polished sections about 200 μm thick were used. The measurements were carried out using a Linkam THMSG600 heating and freezing stage, mounted on a NIKON ECLIPSE E600 microscope with 20×, 50× and 100× objectives. The stage was calibrated using pure H 2 O-CO 2 synthetic inclusions (Tm = -56.9°C) and the known homogenisation temperature of pure H 2 O inclusions (of critical density of Tm ice = 0.0°C, Th = 374°C). The heatingfreezing rate of 5°C/min was applied with an accuracy of 0.1°C.
RESULTS
Vitrinite reflectance
The samples analysed contain several types of dispersed OM that differ in morphology, reflectance and texture (Fig. 3) . The size of the maceral fragments varies from less than 5 to more than 100 μm. The shape of phytoclasts is irregular, sometimes subspherical in vitrodetrinite and highly variable in inertodetrinite. Generally, vitrinite is characterised by textureless surfaces and a strong optical anisotropy. Care was taken to obtain non-weathered samples in order to avoid any influence of weathering on vitrinite reflectance. Typical features of weathered vitrinite are discussed in Taylor et al. (1998: p. 529 ; see references therein), but were not observed in the sample set of the present study. R max varies from 1.77% to 4.84% and R min is from 0.71% to 2.62% (Tab. 1). Mean VR r values range from 2.11 to 4.42 (Table 1 ; Fig. 4) , with standard deviation of 0.14-0.62 and number of measured organic particles ranging from 15 to 90 (usually 50-75; Table 1 ). The VR r values were transformed into maximum palaeotemperatures using the Barker and Pawlewicz (1994) method. Maximum palaeotemperatures were calculated for the regional burial model (T b ; Barker and Pawlewicz, 1994) in the range 203-255°C, whilst maximum palaeotemperatures were calculated for the hydrothermal model (T h , Barker and Pawlewicz, 1994) in the range 260-342°C (Tab. 1; Fig. 4 ). The calculated palaeotemperatures increase toward the W and NW (Fig. 4) ; however, an overall trend of increasing thermal maturity from E to W and NW is faintly visible (Fig. 4) . Generally, this can be interpreted as a result of similar palaeothermal exposure of the rocks in the entire area; although the scatter of the vitrinite reflectance data could be partially due to an intensive folding and faulting of the strata leading to many small-scale anticlines and synclines. Bruns and Littke (2015) showed that a partially significant scatter of measured vitrinite reflectance could be observed, not only due to the high rank and associated anisotropic character, but also due to lithological dependency (sandstone vs. shale vs. coal). At very high levels of thermal maturity, vitrinite reflectance depends not only on maximum palaeotemperature but also on lithology, which leads to differences in pressure propagation (Bruns and Littke, 2015) . However, all of the samples come from fine-grained rocks (Tab. 1) and no vitrinite reflectance measurements were performed in other lithologies. Cleavage, which is often visible in the Culm rocks, can also cause some scatter of vitrinite reflectance (Littke et al., 2012) but this feature can only be significant in the samples located in the westernmost area of the Andìlská Hora Formation The thermal maturity of all samples analysed reaches the anthracite and partly in some grains the meta-anthracite stage of organic metamorphism (Taylor et al., 1998; Kwieciñska and Petersen, 2004) . The measured vitrinite reflectance data correlate with the Nowak's (2003) data from the northern part of the study area and the Bábek et al. (2008) data from the southern part. However, the VR max values of Dvoøák and Wolf (1979) and Dvoøák (1989) cannot be converted into VR r because R min is not given in their works. Generally, their R max values are higher than the VR r , calculated here, as might be expected (see Taylor et al., 1998) . Very high levels of thermal maturity (above~2.0% VR r ) also were confirmed by the palynological investigation of several samples (P. Filipiak, pers. comm., 2015) .
Raman spectroscopy
Raman spectroscopy data of OM from the Culm Basin are presented in Table 2 Diesel et al., 1978) . The D-F organic particles were excluded from the samples subject to temperature estimation. Fig. 4 . Distribution of maximum palaeotemperatures in the Culm Basin derived from vitrinite reflectance and from Raman spectroscopy (geological map modified after Unrug, 1977; Kooecówko, 1982; Dvoøák, 1994; Pouba, 1996; Roth, 1996; Kalvoda et al., 2008 (Fig. 5) . The characteristics of Raman spectra (Tab. 2) imply that the temperature was below 330°C (see Beyssac et al., 2003a, b; Kouketsu et al., 2014) , except for ZLH and POK2 from the NW area of the Culm Basin (Andìlská Hora Formation). The temperatures calculated from R2 ratios (Beyssac et al., 2002a) are 324-420°C. Very similar results are obtained using the Aoya et al. (2010) formula: 326-423°C. However, both methods are not sensitive below 330°C ( Figs 6, 7) ; therefore, these estimates are not reliable (except for samples ZLH and POK2). Beyssac et al. (2002a) noted that for R2 values around 0.7 or higher it is only possible to state that the temperature was below 330°C. Therefore, the Beyssac et al. (2002a) method only gives good results for temperature estimates in the range of~300-650°C for medium-or high-grade metamorphism (Beyssac et al., 2002a, b; Aoya et al., 2010; Kouketsu et al., 2014) . Above a temperature of 300°C, both the Kouketsu et al. (2014) and Beyssac et al., (2002a) methods produce similar results (Fig. 6) . It is important to emphasise that the Raman spectra of very disordered OM are significantly different from and more complex than the spectra published in the systematic studies of OM structural evolution that are focused on higher-grade metamorphic rocks (i.e., typical greenschists and above; e.g., Wopenka and Pasteris, 1993; Beyssac et al., 2002a, b) . In such poorly crystallised OM, the use of R2 for characterisation is not appropriate, because the extension of coherent domains constituted by the aromatic rings is too small (Beyssac et al., 2002a, b) , while the application of the RA1 and RA2 ratios (Lahfid et al., 2010) could cause overestimation of the temperature by 50-100°C at temperatures outside a range of 200-300°C (Kouketsu et al., 2014: their fig. 7 ). The temperatures estimated using RA1 and RA2 differ by 50-200°C from those of Kouketsu et al. (2014) for samples outside the interval of 240-340°C (Tab. 3; Fig. 7C, D) . Moreover, even the lithologies of samples CZ6, CZ39 and SV do not indicate medium-or high-grade metamorphism, as might be suggested by the Lahfid et al. (2010) method, but rather diagenesis to a very low metamorphic grade (Fig. 7C, D) . Furthermore, above 340°C the Lahfid et al. (2010) method indicates very low temperatures (~150°C) for samples ZLH and POK2 from phyllites in the NW part of the study area, by comparison with~390°C derived from the formula of Kouketsu et al. (2014) . For these two samples, the Beyssac et al. (2002a) formula gives temperature values similar to those from application of the Kouketsu et al. (2014) formula (Figs 6, 7) . Therefore, the present authors did not use the Lahfid et al. (2010) approach for temperature estimation.
The Raman-derived maximum palaeotemperatures (T RSOM ), based on the Kouketsu et al. (2012) method, vary from 212°C (sample Bu) up to 394°C (ZLH sample) ( D4  D1  D3  G  D2  D4  D1  D3  G  D2  D4  D1  D3  G  D2  D4  D1  D3  G  D2 CZ66 (n = 25) they reached~280-330°C and even up to almost 390°C in the most NW corner of the Culm Basin. The Raman-derived maximum palaeotemperatures agree relatively well with the burial-related temperatures in the E of the Culm Basin, while in the W of Culm Basin T RSOM corresponds to the hydrothermal-related temperature (Fig. 4) .
Fluid inclusions in the veins
Greywackes and shales contain steeply dipping (60-80°) joints, filled with quartz and/or calcite, the thickness of which does not exceed 5 cm. Microthermometric measurements were performed on primary fluid inclusion assemblages (FIA). They form densely packed areas or belts, arranged along the host-crystal growth zones (Fig. 9A) . The size of the inclusions varies from a few to about 10 μm. Small inclusions have rounded contours, whereas the large ones are more irregular, sometimes elongated or C-shaped. Some of the inclusions contain small channels, which indicate the unsealing of inclusions. Such inclusions have different liquid-to-gas (L-to-G) ratios than other inclusions and are mostly gaseous or predominantly gaseous. In samples Cz74 and SV, the primary FIAs are sparse and occupy small, irregular areas. In both samples, secondary FIAs predominate with a variable phase ratio and form linear assemblages of very small sizes (Fig. 9B) .
The pressure-temperature-molar-volume-composition (P-T-V-X) properties of the fluid inclusions differ in various parts of the Culm Basin. In its NW part (sample Cz54, located very close to sample POK2), the primary FIAs in quartz veins are in the liquid-gas (LG) phase with a constant G/L ratio of~30 vol.%. Raman microspectrometry revealed that such inclusions are filled with CO 2 in both the liquid and gas phases (Fig. 9C, D) . In all the inclusions, these peaks show a down-shift of~3 cm -1 , which indicates a high density (low molar volume) of CO 2 (Burke, 2001) . The microthermometric measurements support this conclusion. The homogenisation temperature (Th) is mainly in the range of 26.2-28.3°C (Fig. 9E) . In two inclusions, the Th is 20.7 and 30.0°C. The calculations of the homogenisation pressures and molar volumes of CO 2 according to Bakker (2009 Bakker ( , 2012 give values in the ranges of 5.8-7.2 MPa and 57.47-74.18 cm 3 /mol, respectively.
The secondary FIAs are also two-phase, but with a highly variable G/L ratio. The Raman analyses indicate the aqueous character of these inclusions. Only in a few cases does the vapour phase contain a small amount of CO 2 (weak intensity of peaks at 1285 and 1388 cm -1 ).
In the central part of the basin (sample Cz9; calcite), the primary FIAs are the liquid-gas (LG) phase with a constant G/L ratio of 20-30 vol.%. In Raman microspectrometry, they show an aqueous character mostly without any visible dissolved gases. Only in a few cases was methane found in gas bubbles (peak at 1712 cm -1 , Fig. 9F ). The down-shift of this peak indicates a high density of CH 4 (Burke, 2001) . The homogenisation temperature for the inclusions without CH 4 is in the range 305.7-367.3°C, which indicates that the molar volumes vary from 26.1 to 32.1 cm 3 /mol. The distribution of Th approximates the normal one (Fig. 10A) .
Towards the E (sample Cz74; quartz), the range of Th in primary FIAs is considerably wider (173.6-404.1°C) and the distribution of Th is not normal (Fig. 10B) . In the eastern part of the basin (sample SV; quartz), Th is in the range of 207.9-315.4°C and the data distribution evidently is not normal (Fig. 10C) . In both samples, CH 4 frequently occurs in the gas phase of the inclusions, as confirmed by Raman microspectrometry. The amount of CH 4 is variable, according to various heights of the peak at~2917 cm -1 (Fig.  10D ). The inclusions with high amounts of CH 4 also contain a small amount of CO 2 (Fig. 10D, upper spectrum) . The Raman down-shift of the CH 4 and CO 2 peaks is significant (Tab. 4). In sample Cz74, the methane band position is down--shifted up to 6.1 cm -1 and in sample SV up to 8.1 cm -1 . Applying the Burke (2001) data, the fluid pressure in measured inclusions is estimated to be between 7 and 300 MPa. 
DISCUSSION
Thermal maturity of organic matter
In the lower maturity range (approximate diagenesis zone), where the various macerals could be readily identified, the measurements are restricted to vitrinite fragments (i.e., vitrodetrinite), but in high-rank material (e.g., in anchizone and epizone) such a restriction is not always possible (Diesel and Offler, 1975; Diesel et al., 1978) . This might be the reason for the wider range of vitrinite reflectance values (Diesel and Offler, 1975; Diesel et al., 1978; Dvoøák and Wolf, 1979; Dvoøák, 1989) . Occasionally, in some samples with lower-rank organic particles, a transitional material ("graphite-like", according to Diesel and Offler, 1975; Diesel et al., 1978; Suchý et al., 1997 Suchý et al., , 2015 is present, particularly in the western part of the study area (Fig. 3E, F) . It is probably of detrital origin. Rare coke-like structures are also in some phytoclasts, similar to those reported by Diessel and Offler (1975) and Diesel et al. (1978) . Suchý et al. (1997 Suchý et al. ( , 2015 suggest that the origin of such high-reflecting organic particles is ambiguous and both the detrital contribution of recycled material and an authigenic phase are possible. However, the relationships between its occurrence and tectonic deformation of the enclosing sediments indicate that localised tectonic pressures might have been involved (e.g., Bustin et al., 1986; Suchý et al., 1997 Suchý et al., , 2015 Littke et al., 2012) .
At high levels of coalification and graphitisation, the lithology of the surrounding rocks, heating rate, tectonic stress (pressure) and possible changes of thermal conductiv-LOWER CARBONIFEROUS CULM BASIN IN THE NÍZKÝ JESENÍK MTS. 27 Fig. 7 . Comparison of maximum palaeotemperatures calculated from the Raman spectra using formulae of Rahl et al. (2005) , Aoya et al. (2010) , Lahfid et al. (2010) and Kouketsu et al. (2014) . A-D. All samples. E. Samples in range 240-340°C using RA2. F. Samples in range 240-340°C using RA1. See further explanation in the text. ity during diagenesis should be considered (Suchý et al., 1997 (Suchý et al., , 2015 Barzoi, 2015; Bruns and Littke, 2015; Hartkopf-Fröder et al., 2015) , in addition to the major factors of temperature and time. Samples from the Culm Basin are characterised by high thermal maturation of OM (Dvoøák and Wolf, 1979; Dvoøák, 1989; Nowak, 2003; Bábek et al., 2005 Bábek et al., , 2008 and this work) . Vitrinite reflectance data also corroborate the observation that according to clay mineral diagenesis (Dvoøák, 1989) , the lower Carboniferous Culm samples are in the late diagenetic to anchimetamorphic range. Organic maturity and illite crystallinity data indicate maximum palaeotemperatures of~200-350°C for the Nízký Jeseník Culm Sub-basin (Dvoøák, 1989) . However, particularly in the western parts of the study area, vitrinite reflectance varies considerably, which is not yet fully understood. Bruns and Littke (2015) showed that a partially sig- Barker and Pawlewicz (1994) with the temperatures derived from the Raman spectra of organic matter (Kouketsu et al., 2014) . nificant scatter of vitrinite reflectance might arise in finegrained rocks, not only owing to the high rank and associated anisotropic character, but also because of lithological variation (Tab. 1). VR max is both pressure and temperature sensitive at this maturity stage (e.g., Suchý et al., 1997) . Thus, it cannot be easily converted to determine the maximum temperature that the OM experienced (Le , but instead it can be better used as a stress indicator (Bruns and Littke, 2015) . Increasing temperature accelerates chemical reactions during maturation and thus controls the degree of aromatisation. This aromatisation in turn controls the refractive and adsorptive indices, upon which the reflectance depends. Pressure tends to promote physical-structural coalification, which affects the optical properties of vitrinite by enforcing the alignment of the sheet-like aromatic lamellae perpendicular to the principal maximum stress direction (Taylor et al., 1998; Barzoi, 2015; Bruns and Littke, 2015) . Therefore, taking into account the above consideration, the present authors applied only mean VR r data for conversion into maximum palaeotemperature, using the Barker and Pawlewicz (1994) formulas. Generally, on a regional scale the temperature values calculated from VR r values (Tab. 1; Fig. 4 ) agree with the previous estimations given by Dvoøák (1989) . The Raman-derived maximum palaeotemperature (T RSOM ) shows increasing thermal maturity of OM from E to W and N-W in a considerably more systematic way than the VR r data (Fig. 4) . The T RSOM is compatible with the VR r -derived palaeotemperature, based on the burial model in the eastern area (samples CZ6, Bu, SV and CZ39), and with the VR r -derived palaeotemperature, based on the hydrothermal model in the central and western areas (all other samples, Figs 4, 8) . Such a distribution seems to be related to Variscan burial heating (e.g., sedimentary and/or tectonic; see Francù et al., 2002 , as in the Drahany Upland), overprinted later by a thermal event recorded mainly in the western and central parts of the Nízký Jeseník Culm Sub-basin (Fig. 4) . It is also worth noticing that the study area is intersected by several major faults (Fig. 1 ) and some samples (e.g., HOZ, TES) are located close to them. These faults could act as active heat conduits in the tensional regime of the late to post-Variscan period (e.g., Køíbek et al., 2009; Špacek et al., 2015) . Generally, in the MSFTB ( Fig. 1 ; Rajlich, 1990; Hladil, 1994; Kalvoda, 1998; Hladil et al., 1999; Kalvoda and Melichar, 1999; Schulmann and Gayer, 2000) , which formed during the late phases of the Variscan collision (330-310 Ma), a significant fluid flow system was developed. It produced veins of mainly quartz and calcite that are partially ore-bearing (Kuèera and Slobodnik, 2002; Zimák et al., 2002; Dolníaeek et al., 2014) , as well as several important ore deposits (Køíbek et al., 2009; Pohl, 2011) . The MSFTB was reactivated in the Permian and Triassic owing to transtensional movements (Køíbek et al., 2009) . Køíbek et al. (2009) Zircon (U-Th/He) dating also supports the interpretation by the present authors (D. Botor, unpub. data) . The zircon helium (ZHe) ages form a distinct spatial pattern and increase towards the E of the study area. The ZHe ages in the E range from 303.1 to 232.6 Ma (late Carboniferous to Early Triassic), but they are significantly younger in the W, ranging from 194.1 to 162.9 Ma (Early-Middle Jurassic). The ZHe ages are cooling ages, showing that the rocks traversed the 170-190°C isotherm zone in the Early-Middle Jurassic in the western part of the study area. The radiometric data show that the western part of the Culm Basin probably was reheated in the post-Variscan period. However, the ZHe ages in the E of the Culm Basin, which range from 303.1 to 232.6 Ma (late Carboniferous to Early Triassic) show that maximum heating was reached in the Carboniferous Period. This is similar to the western part of the Upper Silesia Coal Basin (E of the Culm Basin), where apatite fission track and U-Th/He datings were used to exclude post-Variscan heating (Botor, 2014) . Vamvaka et al. (2014) , on the basis of an apatite fission track study in the southern part of the Bohemian Massif, concluded that a full explanation of the apatite fission track age record must consider higher crustal heat flow in the Mesozoic (Middle to Late Jurassic). This increase in heat could be caused by intense fault activity, either during crustal extension and lithospheric thinning, resulting in steeper geotherms, or by D. BOTOR ET AL. flexural subsidence due to the overloaded crust (Vamvaka et al., 2014) ; however, the latter hypothesis (subsidence) is unlikely considering the thin overburden in the study area (<200 m, Malkovský, 1987; McCann et al., 2006) . However, towards the NW of the study area (the Rychlebské Hory Mts. and the Rudawy Janowickie Mts.), Danišík et al. (2012) and Sobczyk et al. (2015) postulated a significant (>5-6 km) Cretaceous burial, based on ZHe dating.
Fluid inclusions
Fluid inclusions in the samples of calcite and quartz veins show two compositional types. In the NW part of the study area (sample CZ54), the inclusions are mostly filled with CO 2 , probably accompanied by a very small amount of water, not visible under the microscope. Such inclusions represent a very low XH 2 O (very high XCO 2 ) compositional type (Diamond, 2001 ), typical of high-grade metamorphic rocks. Within the Culm sediments, the mineral association and the thermal maturity of OM do not show such high--grade metamorphic alteration. Without doubt, the calcite veins were formed under hydrothermal conditions at high temperatures from migrating fluids from deeper parts of the crust that contained a low amount of molar volume (high density) of CO 2 (Mullis et al., 1994) . The present authors suppose that these fluids may have been partially enriched in CO 2 from OM decomposition (Mullis et al., 1994) or of magmatic origin. This process led to a significant CO 2 concentration, similar to that of the high-grade metamorphic environment. The temperature estimated from Raman spectra is almost 400°C. Taking into account isochores for the molar volumes 57.47-74.18 cm 3 /mol and a temperature of 400°C, the pressure of the fluid entrapment in inclusions is in the range 103.24-173.53 MPa (Fig. 11) . Such pressures, assuming a confined pressure gradient equal to 0.023 MPa/m (e.g., Magara, 1978) , correspond to a burial of about 4500-7500 m. Therefore, the calculated geothermal palaeogradients vary from 53°C/km (for the 7500 m burial) to 88°C/km (for 4500 m burial). Taking into account the palaeotectonic setting, a value of 53°C/km seems to be most probable. Nevertheless, it is a high value, which seems to be a result of the influence of hydrothermal activity, which caused a second stage of coalification in the western part of the study area.
Within the central and eastern parts of the Culm Basin the FIAs are different. They are filled with aqueous solutions. In the central part (sample Cz9, Fig. 10A ) the range of Th is lower than in the eastern part (samples CZ74 and SV; Fig. 10B, C) . The composition of inclusions and Th indicate entrapment from homogeneous solutions and molar volumes suggest entrapment in high temperature and relatively low pressure conditions (see Roedder, 1984; Mullis et al., 1994; Goldstein, 2001 ). In the higher temperature ranges (Fig. 11A) , the distribution of Th is uniform, which may indicate that the inclusions are partly unsealed. Assuming geothermal gradients of 35, 50 and 65°C/km (Fig. 12) and a burial temperature of 260°C, as estimated from the Raman data, the burial depth was about 7.2, 5.0 and 3.8 km, respectively, and the confined pressure about 169.5, 116 and 89 MPa, respectively. Considering the pressure and Th in the range 306-340°C, the temperatures of hydrothermal solutions should have been about 455-535°C, 408-470°C and 383-437°C, respectively ( Fig. 12 ; calculation based on Diamond, 2003; Bakker, 2009 Bakker, , 2012 . For an estimate of geothermal gradients there is a discrepancy between the temperatures deduced from the OM estimations and from the hydrothermal solutions; however, the higher the geothermal gradient, the lower the difference between the temperatures in question. This indicates that the geothermal gradient was high during the late Variscan or post-Variscan deformation/thermal pulse and was related to the migration of hydrothermal solutions. The discrepancy between both temperatures may be explained by the small impact (i.e., low thermal capacity) of these solutions and/or the relatively short influence time on OM. The calcite veins are very thin and were probably developed in a short time. A high amount of primary FIAs confirms the fast growth of calcite (Roedder, 1984; Goldstein and Reynolds, 1994) .
In the eastern part (quartz samples CZ74 and SV), a small amount of primary FIAs, which occupy small areas in crystals, and a large amount of secondary inclusions indicate that the quartz veins underwent tectonic disturbances. This was responsible for the cracking of crystals and re-crystallisation along the crack paths. In the preserved areas of primary FIAs, stress could facilitate swelling and the unsealing processes of inclusions. It is also possible that the migration of solutions took place in heterogeneous conditions or that they underwent necking down after a phase change (Goldstein, 2001) . Moreover, heterogeneous conditions of fluid migration are supported by the high variability of CH 4 contents in inclusions. Both cases (swelling and unsealing, as well as heterogeneous conditions) result in a wide range of homogenisation temperatures. Therefore, in the case of samples Cz74 and SV, the quality of fluid inclusion data does not permit the calculation of a geothermal palaeogradient. However, fluid inclusion data indicate that Fig. 11 . P-T diagram with marginal isochores of pure CO2 from an inclusion in sample Cz54 (calculation after Bakker, 2009 Bakker, , 2012 fluid migration occurred at greater depths. In the Upper Silesian Coal Basin, the calculated heat flow for maximum burial in the late Carboniferous is 75-80 mW/m 2 (Geršlová et al., 2016) , which corresponds to geothermal gradient of 40°C/km. The Upper Silesian Coal Basin is a distal part of the Variscan foreland; therefore, a lower geothermal gradient can be expected by comparison with the Moravo-Silesian Culm Basin.
Previous studies on fluid inclusions in the Culm Basin (Zimák et al., 2002; Kuèera et al., 2010; Dolníèek et al., 2014) focused on veins associated with ore mineralisation. Their homogenisation temperatures are considerably lower than those of samples CZ9, CZ74 and SV. These authors did not detect any inclusions with a high molar volume of CO 2 , contrary to sample CZ54 of the present study. In turn, all the samples considered here do not have even a trace of ore minerals. In conclusion, these samples must represent a different kind of vein, formed earlier under deep burial conditions and from a different type of fluid, compared to those related to later ore mineralisation.
Mineralogy of high-grade samples
The samples showing the highest Raman-derived palaeotemperature (POK2 and ZLH), from the NW part of the study area also were studied through microscope observation of the rock fabrics in thin sections and X-ray diffraction analysis of the mineralogical composition (S. Kowalska, unpub. data) . On the microscopic scale, two generations of metamorphic foliation are clearly visible in the most thermally mature samples: in the first step, slaty cleavage (S 1 ) was developed and after that a crenulation process took place (S 2 ). This multiple fabric could indicate deformation at a temperature of at least~350°C (Dunlap, 1997) . The mineralogical composition of the samples analysed is very simple. It consists mainly of chlorites, illite and muscovite, 34 D. BOTOR ET AL. Fig. 12 . P-T diagram with marginal isochores of H2O from an inclusion in sample Cz9 (calculation after Diamond, 2003; Bakker, 2009 Bakker, , 2012 . quartz and albite (S. Kowalska, unpub. data) . However, biotite was not found in the material studied. The maximum palaeotemperatures were estimated from the illite crystallinity -the Kübler index, according to the methodology proposed by Warr and Rice (1994) with the correction of Warr and Mahlmann (2015) . The achieved Kübler Index (calibrated to the CIS scale) is equal to 0.26 D°2q (glycolated preparation) and indicates maximum palaeotemperatures of about~350 ± 30°C. This means that the metamorphism reached epizone conditions. Taking into account these mineralogical data, it appears that the Raman-derived temperature of the samples ZLH (T RSOM 394°C) and POK2 (T RSOM 389°C) is slightly overestimated.
Regional context
A dominant feature of the eastern margin of the Bohemian Massif, particularly in the Moravo-Silesian Zone, is the constant kinematics that indicate top-to-the-NE-oriented transpressive movements, consistent with oblique collision (Cháb et al., 1990; Schulmann and Gayer 2000) . The sequence of structural events, ranging from early-metamorphic folding and foliation development, to post-metamorphic shearing, is related to nappe exhumation and late orogenic extension and it is also a feature common to the MSFTB. In the metamorphic western part of the Moravo-Silesian Zone (west of the Culm Basin), another characteristic feature is a metamorphic zonation that ranges from chlorite zone in the east to kyanite-sillimanite zones in the west. The metamorphic zones are tectonically inverted, so that the highest metamorphic grade occurs at the top of the nappe sequence. The isograds trend NE-SW, cross-cutting the lithological boundaries (Cháb et al., 1990; Schulmann and Gayer, 2000) . This zonation indicates a westward temperature and pressure increase from 300-350°C at 2-3 kbar in the east (close to the western end of the Culm Basin) to 600°C at pressures of <6 kbar in the west (Cháb et al., 1990) .
The formation of narrow grabens (e.g., Boskovice Furrow) filled with Stephanian to Autunian sediments in front of the crystalline nappes indicates postorogenic extension of overthickened Variscan orogenic crust (Grygar and Vavro, 1995; Jelínek et al., 2003; Kalvoda et al., 2008) . The possible post-collisional extension may be also indicated by the intrusions of basaltic dykes into the Permian sediments .
The palaeomagnetic studies in the Orlica-OEnie¿nik Dome and K³odzko Metamorphic Complex, carried out west of the study area (K¹dzia³ko-Hofmokl et al., 2003 (K¹dzia³ko-Hofmokl et al., , 2013 and references therein), showed a significant remagnetisation episode in the Mesozoic (with a peak in the Triassic-Jurassic), which might have been associated with hydrothermal activity. However, the palaeomagnetic data of Tait et al. (1996) and Grabowski et al. (2009) for the Devonian carbonates from the eastern part of the Moravo-Silesian Zone (Hranice and Drahany Upland area) mainly indicate the late Carboniferous age of remagnetisation. This palaeomagnetic data pattern is similar to the organic maturity data and ZHe dating of the present study. It coincides well with the maturity development in the Polish part of the Moravo-Silesian Zone (Kotas, 1971; Kotas et al., 1983; Be³ka, 1993; OErodoñ et al., 2006; Botor, 2014) , as well as with the timing of some principal tectonomagmatic processes at the eastern margin of the Bohemian Massif (Bábek et al., 2005) . These include late Carboniferous ages of the ulová intrusive body, major remagnetisation events in the Drahany Upland and eastern part of the Nízký Jeseník Basin (Chadima et al., 2006; Grabowski et al., 2009) and~300 Ma mica cooling ages in the Keprník and Desná domes (Maluski et al., 1993) .
A thermal event(s) of the Permian-Mesozoic age is also known from W and SW Poland (OErodoñ and Clauer, 2001; OErodoñ et al., 2006; OErodoñ et al., 2014; Turniak et al., 2014; Kowalska et al., 2015) . In the Carboniferous substratum of the Fore-Sudetic Monocline, a Late Permian to Early Jurassic thermal event(s) has also been established recently from illite K-Ar and ZHe dating (Kowalska et al., 2015) and also was indicated by thermal maturity modelling (Botor et al., 2013) . Similar conclusions were given by OErodoñ et al., (2014) considering the thermal evolution of the Triassic strata in the Silesian-Cracow Monocline. Triassic K-Ar ages (234 to 226 Ma) from post-uranium stage illite in the Ro ná deposit (Køíbek et al., 2009) and Early-Middle Jurassic ZHe cooling ages (194.1 to 162.9 Ma) from the western part of the Culm Basin (D. Botor, unpub. data) are consistent with the early Tethys-Central Atlantic rifting and tectonic reactivation of the Variscan structures of the Bohemian Massif. Summing up, several lines of evidence confirmed the post-Variscan extensional development of the area located NE of the Bohemian Massif (Grygar and Vavro, 1995; Kalvoda, 1998; Turniak et al., 2014; Kowalska et al., 2015) . The extensional regime might have caused a high heat flux in the crust and advective heat transport due to the circulation of hot fluids. Consequently, it caused overprinting of the former burial-related maturation of OM. It is also possible that several extensional phases developed between the Permian and Jurassic time.
CONCLUSIONS
Applying combined Raman spectroscopy of OM, vitrinite reflectance and fluid inclusions data, the maximum palaeotemperatures of the lower Carboniferous siliciclastic rocks of the Moravo-Silesian Culm Basin in the Nízký Jeseník Mts. were estimated. The Raman-derived maximum palaeotemperatures vary from~200 ± 30°C in the E to~350 ± 30°C in the W. This is in agreement with the burial-related temperatures in the E and with the hydrothermally related temperatures in the central and western parts of the basin. The thermal maturity pattern in the lower Carboniferous Culm Basin of the Nízký Jeseník area is explained by: (1) Variscan (mid-late Carboniferous) burial diagenesis in the eastern part of the basin and (2) post-Variscan, probably Permian and/or Mesozoic (presumably Triassic), thermal pulse(s) probably related to advective heat transport by circulating fluids that presumably overprinted the Variscan metamorphism in the central and western part of the basin. The results prove that Variscan convergence, which ceased in the late Carboniferous, was later (early Permian onwards) replaced by an extensional regime, as suggested by Grygar and Vavro (1995) and Turniak et al. (2014) . Additionally, this work shows that the Raman spectra-fitting procedure and the estimation of metamorphic temperature, proposed by Kouketsu et al. (2014) , are suitable techniques, which can be applied successfully to thermal studies in a variety of tectonic settings.
